Studying simple artificial peptides, we show that recently developed simulation techniques enable efficient investigations of secondary structure formation and folding in small peptides.
I Introduction
Besides questions of sex and aging that capture not only the interest of Dietrich Stauffer [1] , whose 60th birthday is celebrated by this issue of the Brazilian Journal of Physics, many other problems in biology and chemistry are now addressed by computer experiments. Probably the best known example is the protein-folding problem, i.e. the attempt to understand the mechanism by which a protein is driven into its unique biologically active structure. While in principle it is possible to study the folding problem in silico, such simulations are extremely difficult for realistic protein models. This is because all-atom models lead to a rough energy landscape with a huge number of local minima separated by high energy barriers. Consequently, sampling of low-energy conformations becomes a hard computational task, and physical quantities cannot be calculated accurately from simple low-temperature molecular dynamics or Monte Carlo simulations.
A number of novel simulation techniques have been proposed for overcoming the multiple-minima problem (for a review, see Ref. [2] ). One successful example is the generalized-ensemble approach [3] , that was first applied to the protein-folding problem in Ref. [4] . Examples of this group of closely related techniques are multicanonical sampling [5] , the broad histogram method [6] , or simulated tempering [7] . In the following, we will present a short review of this technique followed by a discussion of its applications to one particularly important aspect of the proteinfolding problem, namely the role of secondary structure formation in the folding process. To be more specific, we investigate the relation between helix formation and folding considering simple artificial peptides.
II Generalized-ensemble techniques
A generalized-ensemble simulation [3] is characterized by the condition that a Monte Carlo or molecular dynamics simulation will lead to a uniform distribution of a pre-chosen physical quantity. For instance, in multicanonical sampling [5] the weight w(E) is chosen such that the distribution of energies P (E) is given by:
where n(E) is the spectral density. A free random walk in the energy space is performed that allows the simulation to escape from any local minimum. From this simulation one can calculate the thermodynamic average of any physical quantity A by re-weighting: [8] 
Here, x stands for configurations and k B is the Boltzmann constant. The weights w(E) are not a priori known in generalized ensembles and estimators have to be determined by an iterative procedure described in Refs. [5, 9, 10] . We remark that it is straightforward to define ensembles that lead to flat distributions in more than one variable [11] . Another way of enhancing sampling of low-energy configurations in protein simulations is parallel tempering [10, 12] . In its most common form, one considers in this technique an artificial system built up of N non-interacting copies of the molecule, each at a different temperature T i . In addition to standard Monte Carlo or molecular dynamics moves that affect only one copy, parallel tempering introduces now a new global update [12] : the exchange of conformations between two copies i and j = i + 1 with probability
This exchange of conformations leads to a faster convergence of the Markov chain than in regular canonical simulations since the resulting random walk in temperatures allows the configurations to move out of local minima and cross energy barriers. Note that parallel tempering does not require Boltzmann weights. The method can be combined easily with other generalized-ensemble techniques as was demonstrated first in Ref. [10] .
III Helix-formation and Folding
In the following we want to demonstrate that the above described generalized-ensemble techniques are well suited for protein-folding studies.
Our understanding of the folding process has increased considerably over the last few years. However, many questions remain open. For instance, it is still under debate at what step in the folding process secondary structure forms; and to what degree secondary structure formation and folding are determined by the intrinsic properties of the protein or by the interaction with the surrounding solvent.
In order to study these questions we have investigated two alanine based peptides: Ala 10 -Gly 5 -Ala 10 and (AlaAsp) 5 -Gly 5 -(Ala-Asp) 5 . These peptides are chosen because we know from earlier work that polyalanine (Ala N ) exhibits a helix-coil transition in gas phase and with certain implicit solvent models [13] [14] [15] [16] [17] . Hence, an investigation of these peptides allows to probe the role of helix formation in the folding process.
Our investigation of the two peptides is based on a detailed, all-atom representation with the interaction between the atoms described by a standard force field, ECEPP/2, [18] (as implemented in the program package SMMP [19] ):
Here, r ij (inÅ) is the distance between the atoms i and j, and χ l is the l-th torsion angle. The parameters
, U l and n l ) are calculated from crystal structures of amino acids. Since the bond lengths and bond angles are set constant, the true degrees of freedom are rotations around these bonds characterized by dihedral angles φ, ψ, ω, and χ i . The peptide bond angles were set to their common value ω = 180
• . All energies are in kcal/mol, hence the factor '332' in the electrostatic energy term E C where the permittivity is usually set to = 2, its supposed value in the protein interior. E LC is a Lennard-Jones term, E HB the hydrogen-bond energy and E tor accounts for the torsion energy of the molecule. The interactions between the peptide and the surrounding water are approximated by adding a solvent accessible surface term [20] to the energy function:
Here, E solv is the solvation energy. In this approximation, one assumes that the free energy difference between atomic groups immersed in the protein interior and groups exposed to water is proportional to the solvent accessible surface area A i of the ith atom with the parameters σ i as experimentally determined proportionality factors.
Our results for each of the two peptides rely on a multicanonical simulation [5] of 4, 000, 000 sweeps following 10,000 sweeps for "thermalization". Our simulations start from completely random initial conformations (Hot Start) and one Monte Carlo sweep updates every torsion angle of the peptide once. The time series of energy for the simulations of both peptides is shown in Fig. 1a and 1b , respectively.
We have found in previous work [21] that the peptide Ala 10 -Gly 5 -Ala 10 folds in gas phase in a two-step process: first, two α-helices are formed that afterward arrange themselves into a U-like structure. In the present paper, we extend this research to the case where protein-solvent interactions are taken into account, and to a molecule where alternatingly an alanine residue is replaced by a aspargine. This residue is chosen because unlike alanine (a helix-former) it is often found in β-sheets. We start our analysis with the peptide Ala 10 -Gly 5 -Ala 10 in an implicit solvent. Fig. 2a displays the lowest energy structure. As in the earlier investigated case of the peptide in gas phase [21] we find a hairpin formed by two α-helices. However, the folding process differs from the gas-phase case. For instance, we find only a single peak in the specific heat C(T ) (Fig. 3) at a temperature T c = 408 ± 10 K. At this temperature, the average number of helical residues < n H > (T ) (Fig. 4a ) is increasing rapidly with decreasing temperature, while at the same temperature the end-to-end distance < d e−e > (T ) (a measure for the compactness of the peptide configuration, displayed in Fig. 4b ) exhibits a sharp drop when the temperature is lowered. A more detailed investigation [21] reveals that this transition is either a weak first-order or a strong second order transition. Note that the folding scenario for the solvated Ala 10 -Gly 5 -Ala 10 molecule differs from the one in gas phase where helix formation and folding happen at separate temperatures, a helixcoil transition temperature T hc = 483 ± 8 K and a folding temperature T f = 265 ± 7 K. We conjecture that this different behavior is due to the hydrophobic nature of alanine which favors energetically the close alignment of the two α-helices (built out of the alanine residues) over extended helical structures that are found in gas phase for T f ≤ T ≤ T hc . The resulting force is so strong that the helices fold immediately after their formation into the hairpin merging in this way the two transitions that are observed in gas phase into a single one. The above results indicate that Ala 10 -Gly 5 -Ala 10 folds in a two step process reminiscent of the well known framework [22, 23] and collision-diffusion model [24] . The first step is the formation of α-helices. It is connected with the large gain in the intramolecular ECEPP/2 energy that can be seen in Fig. 5a . Note that we have shifted the energy by a constant (and therefore irrelevant) factor such that its value at T = 1000 K is zero. Such normalization allows for a better comparison of our two molecules. On the other hand, the gain in ECEPP/2 energy with helix-formation is partially compensated by a loss in potential energy (see Fig. 5b ). This is because the OONS parameter set emphasizes the hydrophobic character of carbon atoms, therefore favoring coil structures over helical ones. However, the contribution by the solvation term is small compared with the ECEPP/2 term and overall, helix-formation is favored by a large gain in energy. The formation of α-helices then restricts the possible configuration space. Energetically most favorable is the folding of two α-helices (made out of the alanine residues) into a hairpin. Since the OONS parameter set emphasizes the hydrophobic character of the carbon atoms and decreases the hydrophilic character of uncharged oxygen and nitrogen atoms, the resulting force makes a close alignment of the two α-helices (build out of the alanine residues) energetically especially favorable, and the two helices fold immediately after formation into a helix hairpin [25] . How does this picture changes if one replaces some of the helix-forming alanine residues by aspargine, an amino acid that unlike alanine has polar side groups? In order to study this question, we also consider a second peptide,(AlaAsp) 5 -Gly 5 -(Ala-Asp) 5 , where alternatingly alanine is replaced by aspargine. The OONS implicit solvent model [20] is again used to approximate the peptide-water interaction. We show in Fig. 3 also the specific heat as a function of temperature for this peptide. As in the case of (the solvated) Ala 10 -Gly 5 -Ala 10 molecule, only one peak is observed. However, the peak for (Ala-Asp) 5 -Gly 5 -(Ala-Asp) 5 is higher and narrower than the one for Ala 10 -Gly 5 -Ala 10 , indicating a sharper transition. The corresponding transition temperature, T c = 422 ± 5, is only slightly higher than the one for Ala 10 -Gly 5 -Ala 10 (T c = 408 ± 10). Plots of the average number of helical residues < n H > (T ) (Fig. 4a) and the average end-to-end distance < d e−e > (T ) (Fig. 4b) indicate that this temperature marks both helix-coil transition and the folding into a helix hairpin (Fig. 2b) . Both quantities seem again to indicate a sharper transition. This is surprising as aspargine is a polar amino acid. Hence, hydrophobic forces that would favor a helix hairpin over more extended structures are weaker for (Ala-Asp) 5 -Gly 5 -(AlaAsp) 5 than for Ala 10 -Gly 5 -Ala 10 , and one would therefore expect more extended structures. However, the corresponding larger values of < d e−e > are only observed above T c in the disordered phase. On the other hand, we do notice in Fig. 5b that the magnitude of the solvation energy term is smaller for the (Ala-Asp) 5 -Gly 5 -(Ala-Asp) 5 peptide than for Ala 10 -Gly 5 -Ala 10 while at the same time the corresponding ECEPP/2 energy (Fig. 5a ) is larger in magnitude. As a consequence, helix-formation (that is opposed by the solvation term) is enhanced, leading to a slightly higher helix-coil transition temperature and increased average number of helical residues that is observed in Fig. 4a . Hence, formation of the two helices is enhanced. This increased helix formation may counteract the weaker hydrophobic forces as formation of the two helices again restricts the conformation space of the molecule and the energetically most favorable state is the folding into the helix hairpin.
Note, that for both molecules the final structure is determined solely by the intramolecular interactions while the details of the folding process depend also on the solvent contributions. Such a simple picture will be in general not true. However, our results point out that often the details of protein sequence are not important as long as they lead locally to the same secondary structure. Both Ala 10 -Gly 5 -Ala 10 and (Ala-Asp) 5 -Gly 5 -(Ala-Asp) 5 form two α-helices that are separated by the flexible chain of glycine residues. The formation of these two helices determines than the unique final structure.
IV Conclusion
We gave a brief introduction into generalized-ensemble techniques and their applications to the protein folding prob-lem. Using one of these techniques we have probed the relation between helix-formation and folding in two artificial peptides. Our results point out that the lowest energy structure does not depend on the details of the sequence but on the secondary structure that they encode. This is consistent with predictions of the framework [22, 23] and collisiondiffusion model [24] of folding. These and our earlier results demonstrate that generalized-ensemble algorithms are well-suited for investigations of the thermodynamics of proteins and may lead to a deeper understanding of the proteinfolding problem.
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